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2= Fermilab

Linear Coherent Light Source Il (LCLS-II)

« X-ray Free Electron Laser (FEL) at existing SLAC tunnel

e LCLS-Il is an upgrade of LCLS to be completed in 2020
— normal conducting linac - superconducting linac

4 GeV
LCLS-II

LCII.S
Cryomodules  fFg
% Soft X-ray
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I Beam

Soft X-ray Beamline ' Superconducting Dumps
Hard X-ray Beamline Crossover

(Image courtesy of LCLS-I1 Project Team)
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2= Fermilab

LCLS-Il Superconducting RF Cryomodules

* First of its kind running in continuous wave (CW) mode
* Fermilab is responsible for designing the cryomodules.

« Together with JLab, we will assemble, and test
— Thirty-five 1.3 GHz Cryomodules (17 Fermilab; 18 JLab)

(Imae courtsy of Fermilab’s Techincal Division) (Image by K. Sirorattanakul; Jun 6, 2016)
Niobium TESLA-style Prototype cryomodule (pCM) at Fermilab’s
9-cell superconducting cavity [1] Technical Division
8 cavities per one module First two 1.3 GHz cryomodules are pCMs.

wesy RENITNER
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Cryomodule Testing at Fermilab

* Fermilab’s Cryomodule Testing Facility (CMTF)

— First test stand, CMTS1, commissions its first operation in July
2016 for LCLS-1l Cryomodules testing [2]

— Can be cooled down to 2 K

Helium compressor building

Tech area/Coriftol « High bay/Test
room. = = f caves/Cryo plant

= CMTF

g Location
and

« Layout

[
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1
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pCM in CMTS1 X
(Image by K. Sirorattanakul; Aug 2, 2016) ' ) ﬂ,ﬁml_—“f;
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Purposes of Cryomodule Testing

« Characterize both the cryomodule’s and each cavity’s
performance to ensure that they meet the stringent minimum
acceptance criteria from SLAC/LCLS-II Collaboration

« Some of these parameters out of more than 20 are [3]:
» Connection between cryo and RF
» Magnetic operational effect and shielding
» Coupler conditioning
» Intrinsic Quality Factor, Q, & Heat Load
» Gradient, E_.. (MV/m) ---- Two methods to calculate [4]:

(r/Q)
1. Eacc — \/PprobeQZ L

(r/Q)
2. Eacc — \/4 I:)forwardQOT
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CMTS1 RF System Layout

7

2& Fermilab

|

l \ ' P
J/
e ™
SR ~
S\

A—-0.30m

B — Coupler + Isolator
C —Bend

D-0.76m

E—-3.06m

F-0.46m

G—-0.30m

H —Bend

[-0.70m

J —Coupler

<y BENIINER
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Power Readouts

« Power will be read from three locations through Fermilab’s
Accelerator Control System (ACNET)

— Default acquisition rate = 1 Hz
— Waveform capturing at rate up to 10 kHz

Reflected Forward
@@ = =)

Reflected Forward Reflected

I:,forward

Wavegui

4 KW Solid State solator
Amplifiers (SSA) (LabVIEW)
(Images by K. Sirorattanakul; Aug 3, 2016)
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Purposes of this Study

1. Analyze CMTS1’s RF system
a. Calibrations for Power Readouts (SSA vs LLRF)
b. Stability of output from the solid state amplifiers (SSA)

2. Develop graphical interfaces to monitor the test

9 8/13/2016 K. Sirorattanakul | LCLS-II Prototype Cryomodule Testing at Fermilab [ LEFIGH @8 uincsctrnor e
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Purposes of this Study

1. Analyze CMTS1’s RF system

a. Calibrations for Power Readouts (SSA vs LLRF)
b. Stability of output from the solid state amplifiers (SSA)

2. Develop graphical interfaces to monitor the test
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Waveguides Attenuation (Theory)

« Straights Section [5]:
Rs (14 (2b/a)(w¢/w?))

nb J1— w?/w?
— WR-650 (a =6.51in., b = 3.25 in.) made from Aluminum 6061-T6
— Surface resistance, R, = = 1.43 x 102 Ohms
— Impedance, n = =3.77 x 10> m? kg s A~
— Critical angular frequency, w, = =5.71 x 10° rad/s

. = 8.686

= 8.32 x 103 dBm/m

« Bends: Power loss = 0.01%

 Couplers: Main arm power loss = 0.01%

Side arm power loss = 0.06% a1
(Image by K. Slrorattanakul)
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Waveguides Attenuation (Results)

e Calculated
— SSA#]1, 3,5, 7 --Total Loss = 2.37%
— SSA#2, 4, 6, 8 ---Total Loss = 2.22%

« Comparison between the calculated loss and the measured
loss from test runs (only for SSA#2, 3, 5, 6, 7)

____ssA# | 2 | 3 | 5 | 6 | 7 _

SSA Output (W) 668.1 2195 2107 1539 1055
Calculated Loss (%) 2.22 2.37 2.37 2.22 2.37
Measured Loss (%) 2.22 6.01 6.90 7.73 6.13

« SSA #2 is well-calibrated.
« Complete calibrations are still needed for SSA #3, 5, 6, 7.

12 8/13/2016 K. Sirorattanakul | LCLS-1I Prototype Cryomodule Testing at Fermilab @LEHIGH Hlinois Accelrator Institute
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Purposes of this Study

1. Analyze CMTS1’s RF system
a. Calibrations for Power Readouts (SSA vs LLRF)
b. Stability of output from the solid state amplifiers (SSA)

2. Develop graphical interfaces to monitor the test
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SSA Performance: Stablllty SSA output only in

| - ﬂ e integers, improved
E T Mgt L by binning average
- i 'I;' Q-"ii;:‘ i ;fv;;;f "::EH?; m? ~h !
i N 1 (50 per bin).
W

SSA # I N T A

Mean Power (W) 668.1 2195 2107 1539 1055

Duration (Hrs) 49.75 1.5 0.6 16 14.75

RMS (%) 2.08 0.28 0.15 0.36 0.50

Parasitic Period (hrs) [6, 7, 8] 0.79 - - 0.79 0.78

RMS is within 2% during continuous operation up to two days duration.
Parasitic oscillations are systematic.

(r/Q) Error from power ~ 1% (could be larger due
EBace = [PproveQ2—— to higher spread at cavity than SSA)
E..= |4 PforwardQO( QQ) Error from power ~ 1%

14
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Purposes of this Study

1. Analyze CMTS1’s RF system
a. Calibrations for Power Readouts (SSA vs LLRF)
b. Stability of output from the solid state amplifiers (SSA)

2. Develop graphical interfaces to monitor the test
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LabVIEW Interface for Power Readouts

Device Name _ SerialNo. _ Offset (dBm) /5751 || Device Name _ serialNo.  Offset (dBm) [ o55/0i(

| T:IRPML1 | MY55100 ynD |3.89E-1 | TIRPML2 | MY55350 12.02E-9

[T2rPMLL [MYss350 20 |1526-8 || |T2ReMmL2 [MYSS3s0 139987

Device Name _ SerialNo. _ Offset (@Bm) #0701 || Device Name _ serialNo.  Offset (dBm) [ o501
o

!
il

‘}\ W h |\} \whw\n\

Device Name  Serial No.  Offset (dBm) [/ 001 || Device Name  Serial No.  Offset (dBm) ] o/t
[TarPMLL [Mvss360 40 |-1176- || |T3rem2 [Myssas0 S50 |1.98E-5

L4 L

]

| TARPML1 | MYS5430 9,60 |7.176-5 || [T4RPMLY [MYSS460 f70 |-0.00 CALCRELAUTO?

Device Name _ Serial No. _ Offset @Bm) /|55 || Device Name  Serial No.  Offset (dBm) [ o2/

| T:SRPML1 | MY55460 9|75 10.00 | T:SRPML2 | MY55460 A 80 10,00

data points

ol
MY55100004 Plot 0¥/ MY55460004 Plot8
MY55350009 Plot 1D MY55460007 Plot9
MY55350010Plot2||  MY53460008 Plot 10|
MY55350011 Plot 32 MY55460010 Plot 11
MY55360003 Plot4 || MY55470002 Plot 12
MY55360004 Plot 5 MY55470004 Plot 13
MY55430002 Plot 6| Plot 14

MY55460002 Plot 7 Plot15[

Device Name _ Serial No.  Offset (dBm) [ 5/5 || Device Name Serial No.  Offset (dBm) [] oz
) )

TGRPMLL | MYS5460 85 |-006 || |T:6RPML2 |MYS5460 {90 |-0.00

Device Name _ Serial No.  Offset (dBm) [ 5%/5 || Device Name Serial No.  Offset (dBm) [] o2z

| T:ZRPMLL | MY55470 9,95 |0.92 |T7RPML2 |MYS5470 [j100 151

/|
| )
| )
| Device Name  Serial No. Offset (dBm) |7 o5/cn Device Name  Serial No. Offset (dBm) |7 o500 |

)
| )
| )

SENS:AVER2:STAT?
SENS:BAND:VID?
SENS:CORR:GAINZ2:ST|
SENS:CORR:GAIN2:M/|

Device Name _ Serial No. _ Offset (4Bm) | | ooy Name Offset (dBm) | | crr/on |

A
| | 90 |NaN |NaN

Plots Settings
£ LabVIEW (Courtesy of D. Slimmer)

r

ACNET

Main Program

NIVERSITY
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Synoptic Displays

« Graphical interfaces using Fermilab-developed synoptic

Reflected

display platform to display real-time data V¥ ...
* Powers o o ng:; gﬂ 52

@ O 200 400 600 800 1000 1200
X Forward (LV1) Time ()

* Temperatures o

Cavity Gradient ~SsA2 Fud

» External Magnetic Fields (undergoing) o —

Reflected Forward

-

°
w

- Cav2 Ref
Cav2 Fwd
= Cav2 Probe
Cav2 Pwr L1

200 400 600 800 1000 1200 caud Pur L2
Time (s)

Power (W)
o

¢

-
)

o, oo an o

LCLS-II Cryomodule Power Overview

Reflected
0.000 W

Forward
0.000 W l
Probe

0.000 watt

Reflected

«16 -13»
Forward

«16 -13»

Reflected
0.000 W
Forward
0.000 W

Reflected
0.000 W

Forward
1082.000 W
Probe

Reflected
0.000 W

Forward
0.000 W

Reflected
0.000 W

Forward
0.000 W l
Probe

Reflected
0.000 W

Forward
0.000 W

Reflected
0.000 W
Forward
0.000 W

Probe

Reflected Forward Reflected Forward Reflected Forward Reflected Forward Reflected Forward Reflected Forward Reflected Forward Reflected Forward

«1 -49» «1 -49» 0.000 KW 0.000 kW «1 -49» «1 -49» «1 -49» «1 -49» «1 -49» «1 -49» «1 -49» «1 -49» «1 -49» «1 -49» «1 -49» «1 -49»

Gradient «1 —so» Gradient o_ooo mv/m Gradient . 49, Gradient 3 _s9» Gradient 1 _49» Gradient .7 a9y Gradient .1 _s9» Gradient .7 _49»
LabVIEW Power L1 0.000 watt Power L1 ¢.000 watt Power L1 NaN Power L1 NaN Power L1 NaN Power L1 NaN Power L1 NaN Power L1 NaN
Reading Power L2 0.000 watt Power L2 ¢.000 watt Power L2 NaN Power L2 NaN Power L2 NaN Power L2 NaN Power L2 NaN Power L2 NaN
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Conclusions

1. Analyze CMTS1’s RF system

a. Calibrations for Power Readouts (SSA vs LLRF)

v' Calculated and measured losses through the waveguides
match for SSA #2. Complete calibrations are needed for SSA
#3, 5, 6, and 7.

b. Stability of output from the solid state amplifiers (SSA)

v Power output from SSA is stable up to two days with RMS
less than 2%, which contributes only 1-2% error to gradient
calculations. Parasitic oscillations are systematic.

2. Develop graphical interfaces to monitor the test

v Necessary graphical interfaces to monitor the test were
developed.

18 8/13/2016 K. Sirorattanakul | LCLS-II Prototype Cryomodule Testing at Fermilab 8 LEHIGH
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Future Plans

» Cold testing plan to begin mid-August.

» Testing of the prototype will last around 90 days, until late
2016.

» Production cryomodules will be tested on a 28-day cycle
beginning in 2017.

19 8/13/2016 K. Sirorattanakul | LCLS-1I Prototype Cryomodule Testing at Fermilab @LEHIQM linois Accelrator st

uuuu

.



2= Fermilab
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Backup: Detailed LCLS-II

« X-ray Free Electron Laser (FEL) using existing SLAC tunnel

e LCLS-Il is an upgrade of LCLS to be completed in 2020
— Maximum energy of accelerated electrons = 15 GeV
— Energy of X-ray produced: 250 eV — 25 keV T

&
—tl Afgen..ns‘..,.,.;) A\

« Soft X-ray < 5 keV, up to 929 kHz L e B
T Jefferéon Lab

» Hard X-ray > 5 keV, up to 120 Hz LY

LCLS
RF Gun

LCLS-II &5 Soft X-ray
RF Gun Superconducting Accelerator ~  Warm Accelerator Undulator Near Hall . Far Hall

AT )
Sector 5 — — o ;-; — j._A = R
Hard X-ray '
Undulator Hutches
Sector 0 Sector 30 Beam

Soft X-ray Beamling = Superconducting Dumps
Hard X-ray Beamline Crossover

(Images courtesy of LCLS-11 Project Team with modifications)
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Backup: Histogram for SSA Binning Average

« Below are histograms comparing raw LLRF power (left) with
binning SSA power (right) for SSA #2

Cav2 and SSA2 Power Histogram Comparison

E SSAZ
80000 = Entries 179100
o Mean 668.1
70000 — RMS 1.761
60000 — I' aW
& 50000 —
§ E
g 40000 —
= E
30000 = Cav2
E Enrie: 179100
20000 — Mean 653.3
E | RMS 2279
10000~
P S e S s st [ - . -l
650 655 660 665 870
Power (W)
( Cav2 and SSAZ (50 per bin avg.) Power Histogram Comparison \
e 50 per bin
8000 [—
) C Cav2
S 6000 — Enfries 179100
g Mean 653.3 ﬂh
< r RMS 2279 MP
4000 — P |
r i L,
1,
r f R JJ
r . “
2000 O JI‘ Ry W
|- -
ol 1 L e N .‘|L_ux¢
650 655 660 665 670
Power (W)
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Cav2 and SSAZ (10 per bin avg.) Power Histogram Comparison

14000 .
10 per bin
C Entries 179080
12000 Mean 668.1
£ RMS 1.422
10000 |—
8000 —
C Entries 179100
6000 | Mean 653.3 4
= RMS 2.279
4000 — i
E - -
o0 — T Ik ].
C - y
= S I | - . P L WL
650 655 660 665 670
Power (W)
Cav2 and SSA2 (100 per bin avg.) Power Histogram Comparison
C SSA2
* - Entries. 179000
i 100 per bin EE-G
RMS 1.379
EUOO_—
C Cav2
6000 — Entries 179100
- Mean 653.3 .
- RMS 2.279 'L ‘
4000| I
.|H
2000 — ‘.r PLJ
ol I T N N .‘lLu:r
850 655 660 665 670
Power (W)

Cav2 and SSAZ (20 per bin avg.) Power Histogram Comparison

12000/ —
C 2 O b - SSA2
Entries 179080
10000 p e r I n Mean 668.1
C AMS 1.401
Cav2

8000
— Entries 179100
— Mean 653.3 1
E RMS 2.279 L
4000 . J” H
= ~n
- L,
C I R
— ! "
2000 I . J]rl
5 !
e
ol |‘.‘\‘.7‘~\..‘[..‘|\L¢
850 655 660 665 670
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uuuuuuuuu

« RENINE



2= Fermilab

Backup: Time Series for SSA Binning Average

« Waveforms are preserved through the waveguides

« Below are comparison of time series of LLRF and SSA power
for SSA #6 SSA6 Power Time Series (Test Run) 5546 Power Time Series (Test Run, 10 per bin average SSAG Power Time Series (Test Run, 20 per bin average)
; e ; m\f Y ‘*’W
Cavé Power Time Series (Test Run) S:::; ,;:,77 - émg N "‘ﬁ‘
: - raw
%MZ E e e b et
'
Em

LLRF (Cavity) Power
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Backup: X-axis zoom-in for raw output from SSA

SSA2 Test Run Time Series (zoom-in)

673:— . » . *
672.5 —
6721}--11 8 288 S L LELLELEREE S8 s T8 E S EEEE 8 S8 8 FEBEESE R ¥ e
2 —
Cng 671.5_—
O —
o L
671 —
670.5—
6705‘—; . . . . . X . . . s
o o e e o b e b b by
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time (hrs)
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Backup: Attenuations (Straights)

« Rectangular Waveguide (WR-650)
—a=6.5iIn.
— b=3.25In.
— Material: Aluminum 6061-T6
« Conductivity = 2.506 x 107 Siemens/m

— R, = [Z£=1.43x 102 Ohms
20

- = \/g = 3.77 x 10° m? kg s3 A~

— w, = —=5.71x10° rad/s

) R, (1 + (2b/a)(w?/w?
_ a, = 8.686 s 1+ (2b/a)(w:/ )):8.32x10'3dBm/m
nb J1— w?/w?
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Backup: Attenuations (Others)

!"._; JL_; ” VSWR: Voltage Standing Wave Ratio

I
'l\ | | . Reflection coefficient = o1
| | VSWR+1

« Power loss = Refl. Coef. Squared

A—-030m
B — Coupler

== e For bends: VSWR = 1.02

E—-3.06m .
Foodom * For main arm coupler; VSWR = 1.05
H —-Bend

1-070m * For side arm coupler; VSWR = 1.25

J—Coupler

(E. Harms et. al., SRF2015, with modifications)

Input Power J
Sections (W) A B C D E F G H | (Output; W)
SSA?2 668.1 667.7 659.6 659.6 - 655.7 655.1 654.6 654.5 653.7 653.2
SSA3 2,195 2,194 2,167 2,167 2,164 2,151 2,149 2,147 2,147 2,144 2,143
SSAS5 2,107 2,106 2,080 2,080 2,077 2,065 2063 2061 2061 2058 2,057
SSA6 1,539 1,538 1,519 1,519 - 1,510 1,509 1,508 1,508 1,506 1,505
SSA7 1,055 1,054 1,042 1,042 1,040 1,034 1,033 1,037 1,032 1,031 1,030

28
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Backup: Histograms for SSA Output

SSA2 Power Histogram (Test Run, 50 per bin average)

SSA3 Power Histogram (Test Run, 50 per bin average)

2= Fermilab

SSA5 Power Histogram (Test Run, 50 per bin average)

SSAZ SSA3 SSAS
£ Entries 179050 700 — Entries 5350 10— Entries 2110
8000— Mean 668.1 C Mean 2195 F Mean 2107
= RMS 1.386 00— RMS 6.183 r RMS 3.229
7000 = SSA3 20— SSA5
6000/ 500/ 100{—
5000 2 a0l » F
E g a0k € sl
E g E 3 F
4000 g C g r
F & 300— L ol
3000 C C
£ 200 s0—
2000 E r
1000 100 200
[ N T BT B [ *‘L@ [ el IR NENVOR HPON MR N Y T O O it RPN il L VN ENRRRI N MU RN P
665 666 667 668 669 670 671 672 673 A7 2180 2185 2190 2195 2200 2096 2098 2100 2102 2104 2106 2108 2110 2112
SSA2 Power (W) SSA3 Power (W) SSAS Power (W)
SSAB Power Histogram (Test Run, 50 per bin average) SSA7 Power Histogram (Test Run, 50 per bin average)
SSAG SSA7
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SSA2 Power (W)

Backup: Time Series for SSA Output
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SSA2 Power Time Series (Test Run, 50 per bin average) SSA3 Power Time Series (Test Run, 50 per bin average) SSAS Power Time Series (Test Run, 50 per bin average)
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2= Fermilab

Backup: Parasitic Oscillations

e Parasitic Oscillations = undesired oscillations in electronics

« Subtract median smoothing and run Lomb-Scargle Algorithm
Implemented in VARTOOLS.

« Sample: SSA7 (both plots have different scale!)

7RSPOT Time Series

C A | |
i

Median ¢\ 100
Smoothing - V|11 an
Subtraction ~+ {1 | H

SSAT Power (W)

045tj

Time (Hours)

Periodogram for SSA7 Test Run

__ssA# | 2 | 6 | 7 [

Period (Hrs) 0.79 079 0.78 =
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L-S Power

Backup: Periodograms

Periodogram for SSA2 Test Run
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Periodogram for SSA6 Test Run
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